The dihydrogenation effects in the zigzag-edged graphene nanoribbons (ZGNRs) have been systematically investigated by first-principles calculations. Due to the dihydrogenation, the edges effectively turn to the so-called Klein edges, which results in localized edge states in (0, 2 3 π ) and extended bulk states in ( 2 3 π,π). Compared with monohydrogenation, the edge magnetic moment is substantially increased and the edge states get much more delocalized, which results in the most attractive observation that the energy difference between the antiferromagnetic (AFM) and ferromagnetic (FM) configurations is greatly increased by nearly one order of magnitude from the general several meV and thus the AFM ground state of certain ZGNRs becomes stable at room temperature. This suggests that the dihydrogenated ZGNRs are more promising than monohydrogenated ones for spintronic devices. Our finding provides an enlighening hint for stablizing the ground AFM state in ZGNRs.
Graphene nanoribbons (GNRs) are supposed to be important potential building blocks in future nanoelectronic devices and have attracted great attention in the past decade. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] The peculiarity of GNRs resides in the fact that their characteristics depend strongly on their geometrical elements, such as the ribbon width and edge shape. 10, 11 Recent advances in production techniques enable atomically precise fabrication of GNRs, which makes it possible to perform more detailed experimental investigations. 12 Among the two typical types of GNRs with armchair edges and zigzag edges, the zigzag-edged GNRs (ZGNRs) have received special attention since localized edge states and edge magnetism formed at the edges turn them into magnetic materials without d or f electrons. Further, with the aid of many techniques, the functionalities of GNRs can be greatly extended. For example, although the ground state of ZGNRs is antiferromagnetic (AFM) with zero total magnetic moment, we have proposed that a ferromagnet can be obtained by twisting a ZGNR into a Möbius strip with just one edge. 13 One of the most fascinating features is that half metallicity, in which one spin channel is conducting and the other is insulative, can be achieved in ZGNRs by a lot of schemes, such as transverse electrical field, edge decoration, BN chain/ribbon substitution, and topologic line defects. 5, [14] [15] [16] [17] In our previous work, we have also proposed a BN codoping scheme to achieve full half metallicity in ZGNRs. 18 Half metallicity is extremely important for spintronic devices and has been searched with great efforts for many years. [19] [20] [21] It is well known that the half metallicity in ZGNRs is working on the characteristics of the AFM ground state. Such a half metallicity is quite delicate since in the present schemes proposed for realizing half metallicity in ZGNRs, the energy difference between the AFM ground state and the ferromagnetic (FM) state ( E FM−AFM ) is usually very small 5, 10 (∼ several meV or even smaller, depending on the ribbon width) and a finite temperature can easily turn the ZGNRs to be in a paramagnetic state 22 and consequently the half metallicity will be destroyed. This is a serious problem for practical applications, and thus a way for stabilizing the AFM ground state is greatly anticipated.
Generally, in order to stabilize the edges of the GNRs, the dangling bonds of the edge carbon atoms have to be passivated by various ways and monohydrogenation (with one hydrogen atom saturating each dangling bond) is the simplest way to realize it. Recently, another hydrogenation, namely, dihydrogenation, which saturates each edge carbon atom by two hydrogen atoms, has been proposed, and it may greatly affect the electronic properties of GNRs. [23] [24] [25] [26] [27] This dihydrogenation scheme has been adopted in the design of graphene based catalyst 28 and spin-current devices. 29 In this Rapid Communication, with first-principles calculations, we report that dihydrogenation is an efficient way for greatly increasing the energy difference between the AFM ground state and the FM state by almost one order of magnitude to tens of meV and thus the AFM ground state is greatly stabilized. This arises from the much more delocalized edge states and the greatly increased edge magnetic moment induced by dihydrogenation. Meanwhile, we report an important width problem in graphene based spin filtering devices which work on the half metallic nature of ZGNRs.
The calculations are performed by the widely adopted SIESTA package, 30 which employs norm-conserving pseudopotentials and linear combinations of atomic orbitals as basis sets. The wave function is expanded with a double-ζ polarized basis set and the exchange-correlation potential is treated at the level of generalized gradient approximation (GGA), with the form of Perdew, Burke, and Ernzerhof. 31 The fineness of the real-space grid is determined by an equivalent plane-wave cutoff 200 Ry. These parameters have been proven to be appropriate for the study of GNRs. 18 To be specific, a 10-ZGNR (as defined by Fujita 32 ) is first studied in this work in detail and then the calculations are extended to other ribbons with the width n ranging 5-20. One primitive unit cell is chosen in our calculations. The lattice vectors vertical to the periodic direction are chosen to be large enough to avoid the interaction from the periodic images. The Brillouin zone is sampled by a 1 × 1 × 40 k-point grid. All the structures are fully relaxed until the force tolerance of 0.01 eV/Å is reached before other quantities are calculated. π ,π ) but appear in (0, 2 3 π ).
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Yao et al. have further shown that edge band dispersion in ZGNRs can be continuously changed by simply tuning the on-site energies on the boundary of the system. 33 When the on-site energies of the boundary carbon atoms are tuned to be ∞, the ZGNRs effectively become ones with Klein edges. In our H2:H2 ZGNRs, the dihydrogenated edge carbon atoms are sp 3 hybridized and do not contribute to the π and π * edge states, thus effectively a ZGNR with Klein edges is achieved by edge dihydrogenation and consequently edge states are developed in the range (0, 2 3 π ). The relative stability of different magnetic configurations is very important and is one of our main concerns in this work. For the H2:H2 case, in the NM state, both the valence band and the conduction band cross the Fermi level and they are almost dispersionless around the point [see Fig. 1(f) ]. This will result in a very sharp peak in the density of states (DOS) around the Fermi level and then lead to magnetic instability (Stoner instability). Consequently, its total energy is decreased by 162 meV in the FM state and further decreased by 30 meV in the AFM state. This energy difference E FM−AFM 30 meV is very attractive since it corresponds to a temperature of ∼350 K, which means that the AFM ground state can even be stable at room temperature. In contrast, in the H:H case, E FM−AFM 5.5 meV/unit cell, which means that the magnetic stability of the AFM state is very low and finite temperature can easily turn the ground AFM state to a paramagnetic state. This will become a main hindrance for the application of ZGNRs in spintronic devices which in principle take the advantage of the AFM ground state. Thus far, there have been quite a few schemes proposed for realizing half metallicity in ZGNRs, 5, [14] [15] [16] 18 but very little attention has been drawn to the problem of the energy difference E FM−AFM in these schemes. Obviously, a large E FM−AFM is crucially important for practical applications. Hence such ways like H2:H2 hydrogenation that greatly increase E FM−AFM are strongly expected.
In the following, we bring forward our interpretation about why the AFM state is lower in energy than the FM state in ZGNRs and the origin of the large increase in E FM−AFM . For this purpose, the magnetic moment on each carbon atom has been calculated and shown in Fig. 2 . In both H:H and H2:H2, in each half of the ribbon, the magnetic moment in one sublattice decays exponentially from the edge to the center and the other sublattice is weakly antipolarized. Therefore the directions of the magnetic moments on the two sublattices are antiparallel (see Figs. 2 and 3) . Moreover, the magnitude of the magnetic moment at a given site is almost equal in AFM and FM configurations (see Fig. 2 ). A distinct difference is that the directions of the magnetic moments at the two middle sites (inside the red dashed line ellipse C in Fig. 3 ) are parallel in the FM state but antiparallel in the AFM state. Thus the energy gain from the AFM to FM state mainly arises from the interaction between these two sites. Due to symmetry, the magnitudes of the magnetic moments at these two sites are equal and can be labeled as M C . If we define the exchange constant J between any two nearest neighbors in graphene as positive, the exchange energy between the two middle sites is E C = −J M Further, the edge magnetic moment (0.37μ B ) in H2:H2 is much larger than that (0.27μ B ) in H:H (see Fig. 2 ). Meanwhile, it decays much more slowly to the center in H2:H2 (see Fig. 2 ) due to the different localization in the edge states. To understand this, the edge states at the X point and at the middle point in the range ( 2 3 π,π) in the H:H case as well as those at the point and at the middle point in the range (0, 2 3 π ) in H2:H2 are shown in Fig. 4 . The states at the X point in the H:H scheme and those at the point in H2:H2 should be the at (a) the X point, (b) the 5 6 π point in the H:H and at (c) the point, (d) the 1 3 π point in the H2:H2. These points are indicated by the black filled circles in Figs. 1(a) and 1(d) .
most localized in each case. We see that the edge states at the X point in the H:H scheme are localized only on the edge carbon atoms, but the edge states at the point are much more extended in H2:H2. Overall, the edge states in H2:H2 decay much more slowly than those in H:H. As a result from the above facts (different edge magnetic moments and different decay rates), the magnetic moments at the two middle sites in H2:H2 are much larger than those in H:H and the energy difference
C is greatly increased in H2:H2. Among the many ways for achieving full half metallicity in ZGNRs, the application of transverse electrical field is the first one proposed 5 and the mechanism is that the energy of localized states in carbon systems like ZGNRs and carbon nanotubes can be efficiently shifted by electrical field. 5, 35 It will be interesting to inspect whether half metallicity can be achieved by electrical field in the dihydrogenated ZGNRs and the large E FM−AFM will survive or not. It is observed that, for a 10-ZGNR, in the H2:H2 scheme, the nanoribbon can be tuned to half metallic when the electrical field reaches a critical value E c 0.36 V/Å [see Fig. 5(a) ], which is larger than the 0.26 V/Å in H:H in our calculations. This is because the edge states in H2:H2 are much more extended than those in H:H (see Fig. 4 ) and the effect of electrical field is less prominent for the more delocalized states. It is interesting to note that E FM−AFM in H2:H2 is always about one order of magnitude larger than that in the H:H scheme. For example, at about 0.30 V/Å, the E FM−AFM is still 23 meV in the H2:H2 scheme, but it decreases to 2.5 meV in the H:H scheme.
Finally, we investigate how the E FM−AFM evolves with the ribbon width in the H2:H2 ZGNRs. We have done the calculations for nanoribbons with the ribbon width n ranging 5-20. It is found that when n 7, the dihydrogenated ZGNRs are nonmagnetic (see Fig. 6 ), which agrees well with the literature. 24 Beginning from n = 8, E FM−AFM decreases inversely with the ribbon width [see Fig. 6(a) ] and it follows the same trend as the square of the magnetic moment (M 2 C ) of the middle sites [see Fig. 6(b) ]. This demonstrates again that the energy difference is mainly decided by the two middle sites. We note that the ribbons with n ranging from 8 to 12 are the most promising ones for spintronic devices due to the much larger E FM−AFM . For other wider ribbons, although the edge magnetic moment is almost the same [see Fig. 6(c) ], the magnetic moments at the two middle sites get smaller and smaller with the increase of the decay distance, which leads to the increasingly negligible E FM−AFM . This reveals an important width problem that, for spin filtering devices, even if half metallicity can be obtained in ZGNRs by various ways as reported in the references, and even if the energy difference is greatly increased for each ribbon by the dihydrogenation scheme, the energy difference gets rapidly smaller with the increase of the ribbon width. Thus, energetically, very large ribbons are not appropriate for spin filtering devices due to the negligibly small energy difference. ZGNRs for spin filtering in practice should first turn to small ones.
In summary, we have systematically studied the edge dihydrogenation effects on the electronic structure of ZGNRs by density functional theory calculations. Dihydrogenationinduced sp 3 hybridization effectively changes the zigzag edges to Klein edges. This change brings many interesting observations to the ZGNRs. First, edge states are developed in (0, 2 3 π ) and the states in ( 2 3 π , π ) become extended, while it is an opposite case in the H:H cases. Second, edge states in H2:H2 are much more delocalized than those in H:H. Finally, and most importantly, the energy difference between the AFM ground state and the FM state is substantially increased by nearly one order of magnitude and it arises from the greatly increased edge magnetic moment and the much slower decay rate to the ribbon center, compared with the H:H hydrogenation. These findings provide a route for stabilizing the ground AFM state in ZGNRs with both edges dihydrogenated and can be taken into consideration in the future design of graphene based nanoelectronic devices, if the novel properties based on the ground AFM state, such as half metallicity, are to be utilized. Most notably, with the dihydrogenation scheme, certain ribbons, mostly probably with n ∼ 8-12 from our calculations, are suitable for working at room temperature now. Furthermore, our study suggests a direction for achieving a large E FM−AFM in ZGNRs, namely, by increasing the edge magnetic moment and slowing down its decay rate so that a relatively large magnetic moment is presented at the middle sites. This may be realized by designing proper edge decorations and modifications. 
